Metals differ from most synthetic organic chemicals in that their clinical manifestations are well known and methods for their measurement in the body are generally well established. Since metals are ubiquitous, special care should be taken to identify the source, whether dump site or not. Isotopic ratios may be used for lead. Time of exposure may be highly variable so estimates will be necessary of integrated "dose-commitment." Transmission to man will follow many pathways. The contamination of children's hands and clothing by dust may be an important route. Because effects are so different, the chemical species (e.g., organic versus inorganic forms) of each metal must be identified. Exposure assessment requires identification of suitable indicator media, usually blood in the case of lead, urine with cadmium and inorganic mercury, and blood or hair with regard to methylmercury. Human head hair may have considerable potential, as it may provide a recapitulation of past exposures. The first health complaints associated with most metals are usually nonspecific. The complex social, political, and legal issues strongly indicate the need for objective tests for health effects. Most important is the identification and measurement of the critical effect, i.e., an effect that alerts the public health authorities that further exposure should cease. For example, in the case of lead, the critical effect is hematologic; with cadmium it is the presence in urine of abnormally high concentration of small molecular weight protein; and with mercury no early objective test has yet been devised.
Introduction
Cadmium, lead and mercury are all toxic metals without any essential biological roles. Mercury and lead belong to what Hunter (1) calls the "ancient metals," a term reflecting human exposure to these metals for several thousand years. Their clinical effects, at least in overt cases of poisoning, are well known. Ramazzini's famous book (2) on the disease of occupations, first published in the 1700s, gives excellent clinical descriptions which could hardly be improved upon today. Even with cadmium, a relatively recent hazard, occupational exposures, incidental poisonings and the community exposures leading to Itai-Itai disease in Japan (3) have provided a clear picture of its clinical toxicity. This history stands in contrast to many other substances described at this meeting; these are so new or circumscribed in distribution that little toxicological information about them is available.
A second advantage that investigators enjoy in evaluating human exposures to heavy metals is that techniques are now available to measure such metals in most indicator media and at sufficiently low concentrations that even levels in the nonexposed populations can be estimated. Some advanced techniques actually allow us to determine the source of the exposure by analysis of stable isotopes and biological indicator media. In addition, there is considerable experience, drawn mainly from occupational exposures or exposure of populations near heavy metal industries, to allow us to identify appropriate indicator media reflecting exposure to or body burden of the metal.
Given these advantages, it might seem that one has a relatively easy task in suggesting a means of assessing exposure and health effects in individuals living in or near dump sites containing heavy met-als. Heavy metal toxicology, however, depends not only upon our past experience with these metals but also upon developments in modern biology. Such developments can change both our test procedures and our criteria of toxic levels and enlarge the spectrum of biological effects suspected of association with exposure. This report will try to blend the old with the new.
In evaluating different assessment and analytical methods, we have also tried to consider the complex social, political and legal situations that arise at dump sites. Tests should be designed for objective values; that is, their data should be resistant to biases in the examiner, the examinee or the general scientific, medical and political milieu that surrounds such an investigation, as recommended by the Rall Committee (4) . Although questionnaires and neurological and psychological testing, for example, may be very useful in a controlled study of a well-characterized population, they are of less utility in the situations existing at most dump sites. For this reason, we have concentrated on laboratory tests as far as possible in specifying how to assess human exposure and health effects of heavy metals. We also support the concept developed by the Subcommittee on Toxic Metals of the Permanent Commission and International Association of Occupational Health (5) which defined what is termed a "critical effect" of a metal; that is, a measurable effect which acts as an early warning sign such that, if appropriate preventive action is taken, further more serious and irreversible effects will be avoided. Our proposed laboratory tests are aimed at identification of the "critical effect." Questions for which such laboratory tests are not available will be stressed as important gaps in our current toxicological and clinical tools.
Sources of Exposure: Estimated Contributions
Toxic metals present some special problems because, even with dump sites and equivalent point sources, there remain other contributions. Fossil fuel combustion spews enormous quantities into the atmosphere because metals are indigenous constituents of the earth's crust. Geological processes may enhance the biological burden as in the case of mercury. Because of such wide distribution, there is an obvious problem in separating the contribution of the point source from food contributions, airborne contribution from remote sources, etc.
Consider the case of lead. Airborne dispersal of lead from automobile emissions raises annual mean concentrations above busy urban roads to within the range of 2 to 6 pug Pb/m3. The air levels fall rapidly with distance from the road; 50 m away, average air concentrations fall to about 20% of the roadside values (Fig. 1) . As the distance increases, air lead from the road merges gradually with lead from all traffic sources, reaching typical urban levels of about 0.5 ,ug Pb/m3. The air concentrations in rural areas are about 0.1 ,ug/m3. Thus, "background" levels in the dump site area (both atmospheric and soil levels) will depend upon traffic patterns, urban versus rural location, and so forth.
One instance in which this has been attacked in an ingenious and technologically sophisticated manner arose from an attempt to identify the source of lead responsible for the death of a group of horses grazing in a pasture close both to a point source (a lead smelting plant) and an extended source (a super highway). Measurement of the natural abundance of three stable isotopes of lead, 207Pb, 20Pb and 2"Pb, revealed that lead originating from the smelter had low values for the ratios 206Pb/204Pb and 206Pb/207Pb compared to values obtained in samples of lead obtained at the roadside and remote from the smelter (Fig. 2) . Samples from horse tissue fell between values from grass in the pasture and distant grass. It was concluded that the "horses which died of lead poisoning obtained approximately equal parts of smelter and gasoline lead" (7) .
This technique, unfortunately, is available only 
Dose Commitment
The concept of dose commitment originally was developed to deal with ionizing radiation; it was borrowed to provide a model for the environmental impact of pollutants, especially metals (8) . Since dose has a limited meaning when discussing pollutants, the term "exposure commitment" was substituted. In this treatment of the problem, exposure is defined as the integral of the concentration over time in a specified reservoir; exposure during the time interval t1 to t2 is expressed as:
Ei(tl,t2) = ft2Ci(t)dt where Ci(t) is the concentration of a pollutant in a reservoir i at time t. Expressing exposure in such a fashion is especially suitable for chemical waste disposal areas because the interval (t1,t2) is highly variable. The exposure commitment model has also been amplified to include transport through a sequence of environmental reservoirs, a salient consideration for metals because of the way they move from compartment to compartment in the environment, sometimes undergoing significant chemical modification in the process. Mercury (8) and lead (9) have so far been subjected to such an analysis. Figure 3 diagrams the compartments and processes that participate in the transfer of lead to humans. Table 1 provides estimates of concentrations in various reservoirs.
Transmission to Man
Chemical waste sites complicate the exposure commitment model because they distort the topography assumed by the model, which averages over an area. They also multiply the sources and possible transformations. Contamination of aquifers supplying household water is a problem increasingly complicating environmental assessment because it expands the area of contamination. Freshwater sources may also suffer indirect as well as direct contamination, with possibly unforeseen consequences. Acid rain leaches metals from soil (9) . It also enhances the uptake of methylmercury by fish-as in the Adirondack lakes (10) . Chemical waste sites broaden the hazard because they themselves may be characterized by low pH values; corrosive acids have frequently been reported. In addition, high concentrations of toxic metals in such .115 A study of a population in the vicinity of a lead smelting plant revealed the importance of transfer of dust from soil via the hands, resulting in oral ingestion (12) . A correlation was observed in children between blood lead concentrations and average lead concentrations in air (Fig. 4) . The fractional contribution of air-lead to blood-lead values was apparently higher in boys than in girls. This led to an investigation of indirect pathways from air to blood. It was discovered that hand contamination by lead dust was greater in boys than in girls and that sex differences in blood levels disappeared if blood lead was plotted against lead content of the Relationship between mean concentrations oflead in whole blood and the amount of lead found on the hands of both boys and girls (12 
Speciation of Metals
As metals journey through environmental and biological reservoirs, they can undergo chemical transformations that help determine both bioavailability and toxicity. Mercury is an outstanding example. The conversion of inorganic to methylmercury by microorganisms in the bottom sediment
Exposure Assessment
Without a firm link to exposure indices, health assessment is carried out in a vacuum. Metals may present fewer analytical problems than many other ingredients of chemical waste sites, but they are hardly trivial. A number of errors that creep into these measurements-errors involved in collection, transport, storage and analysis-will not be dealt with in this discussion. In general, analytical methods measure the total elemental concentration of the metal. For certain metals, however, it is necessary to distinguish between the organic and inorganic forms and also to distinguish the different types of organic forms.
Measurement ofhuman exposure to metals depends upon the analysis of suitable indicator media. The choice of these media, of course, is limited to available biological fluid or tissue. The assumption is that the concentration of the metal in the medium will reflect the body burden of the metal or the concentration of the metal in the target cells (17) . When an individual has achieved steady state, the ratio between blood and tissue concentrations should be constant and there should also be a relationship to urinary excretion. Nevertheless, for a biological material to be a useful indicator of accumulation, especially for metals with long biological half-times, the ratio of blood to tissue concentration should be roughly constant during the accumulation phase. This is not true for all metals. In addition to blood, urine and hair, various other biological media have been used as indicators of accumulation of metals, including saliva, teeth, nails, meconium, placental tissue and biopsy material. Comments will be made on indicator media for specifical metals but limitations of space preclude an exhaustive treatment.
Lead
Blood lead is the most popular measure of recent exposure to lead. Furthermore, the contribution of various routes of intake of lead to the body burden have been estimated in terms of their contribution to an increase in blood lead (18) . The major drawback to blood lead is that it is limited to the impact of recent exposure. In metabolic studies in humans with stable isotopes, Rabinowitz et al. (19) found the turnover time in blood to be only a few weeks. Lead in the dentine of deciduous teeth has been used as a measure of long-term accumulation of lead (20) . Figure 6 that lead concentrations are lowest in freshly grown hair (near the scalp) and rise steadily with distance from the scalp. Renshaw et al. (24) suggested that such a pattern is consistent with lead entering the hair by deposition on its surface followed by diffusion into the hair structure and that sudden exposures to lead might be detected by a sharp peak in Pb concentration along the shaft. The correlation between blood and hair concentrations needs to be evaluated.
Cadmium
Autopsy data indicate that cadmium accumulates in body tissues over most of the human life span (Fig. 8) . The urinary excretion parallels, on a group basis, the body burden. A more direct way of measuring body burden in individuals has become available in recent years. In vivo thermal neutron activation analysis reveals actual cadmium concentrations in liver and kidney tissue in human subjects. Figure 9 records the concentrations of cadmium in liver in nonexposed people, a group of office workers in a cadmium industry, a group of recent employees (those employed for less than 6 months) and, finally, a group of long-term employees (26 
Mercury
In assessing the usefulness of various indicator media for mercury, careful distinction must be made between the different chemical and physical species of mercury.
Mercury Vapor. Urine is the indicator medium most widely used to assess human exposure to metallic mercury vapor. Figure 10 suggests a linear relationship between urinary mercury concentration and time-weighted average air concentrations in exposed workers. Smith et al. (27) Hg AIR LEVELS (mg/m3) TIME-WEIGHTED AVERAGES FIGURE 10. Relationship between the average urinary concentration of mercury and the time weighted average air concentrations for groups of workers occupationally exposed to mercury vapor in the chlorine industry (27) .
body burden (approximately 5%) is found in the blood compartment (32, 33) . This percentage seems to be more or less independent of the total dose of methylmercury. Furthermore, the ratio of brain, the target organ, to blood seems to be constant for most animal species, although the actual value of the ratio is species-dependent. Thus, measurements of methylmercury in blood serve as a measure of body burden and of current average brain concentrations (5).
Since the biological half-time of mercury in blood is about 50 days, it will take an individual about one year to attain a steady state. Under these circumstances, blood concentrations are proportional to average daily intake (34) . When individuals experience intermittent exposure, there is a need to recapitulate past blood concentrations since methylmercury may produce irreversible brain damage. It turns out that measurement of mercury along the hair shaft accurately reflects prior blood concentrations of methylmercury.
The relationship between hair and blood concentrations of total mercury in an individual exposed to methylmercury is illustrated in Figure 11 . The blood samples are plotted according to their date of collection. The hair was divided into 1- (18) . and men, respectively, and blood lead levels (PbB) is given in Figure 13 . Roels et al. (39) noted that these curves indicate that "the susceptibility of the heme biosynthetic pathway to lead, as reflected by FEP is in the order children>women>men." Indeed, 50% of the children already exceed the FEP cut-off value when PbB reaches 25 ,ug/100 mL, 50% of the women when PbB reaches 28 ,ug/100 mL, and 50% of the men when PbB reaches 35 ,ug/100 mL.
Lead inclusion bodies in cell nuclei have been reported as an early effect of lead in animal experiments (40) . Goyer (41) 
Cadmium ion of these bodies might serve as an
The detection of early adverse effects of cadmium tive measure of adverse lead exposure. has been a special focus of Swedish investigators equence of lead exposure which is most (3). They have identified the kidney as the first assess is its central nervous system tissue in which adverse effects are evident and have ow-level, asymptomatic lead exposure suggested that disturbances in renal tubular func-,sociated, in children, with lowered per-tion form the critical effect, i.e., the first early i psychological tests and conduct disor-warning sign of incipient cadmium damage. (44) . These investigators attempted to identify and measure specific proteins in the urine, using the same approach adopted for cadmium. Their data are displayed as a concentration-response relationship plotted according to the hockey stick model (Fig. 16) (58, 59) . At the lowest exposure levels, consequences such as delayed achievement of developmental milestones and mild neurological abnormalities are observed (60). Clarkson et al. (61) have estimated that the prenatal organism is two to four times more sensitive than the adult organism to methylmercury but the ratio is based on a comparison of mild (paresthesias) with much more severe (retardation) effects.
Organomercurials, other than the short chain alkylmercurials, rapidly break down to inorganic mercury in the body. They act primarily on kidney function though cases of overt human poisonings are rare (62) . Even the relatively slow breakdown sampling (57) . The lines are drawn according to hockey stick analysis (46) . of methylmercury as compared to phenylmercury (Fig. 18) , however, eventually leads to high kidney levels of inorganic mercury. In the animal experiments depicted in this figure, kidney levels of inorganic mercury substantially exceeded those levels (20-30 ,ug 
